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Grant Objective
The objective of this proposal is to determine the relationship of motion
sickness susceptibility to vestibulo-ocular reflexes (VOR), motion perception, and
behavioral utilization of sensory orientation cues for the control of postural
equilibrium. The work is focused on reflexes and motion perception associated with
pitch and roll movements that stimulate the vertical semicircular canals and otolith
organs of the inner ear. This work is relevant to the space motion sickness problem
since 0 g related sensory conflicts between vertical canal and otolith motion cues are
a likely cause of space motion sickness.
Experiments
Postural responses to a sinusoidal visual motion stimulus
We have completed a study of the influence of visual surround sinusoidal pitch
rotations on postural control in bilateral vestibular loss and normal human
subjects. We have submitted a paper to Experimental Brain Research titled "Role of
somatosensory and vestibular cues in attenuating visually evoked human postural
sway" (a copy is attached), and the results have been presented at two conferences:
1) "Transient postural responses induced by visual field motion in normals and
bilateral vestibular loss subjects" Peterka, R.J. and Benolken, M.S., Clinical
Application of Vestibular Science, UCLA, February 1994. (A copy of the
abstract & poster is attached.)
2) "Somatosensory and vestibular influences on attenuating visually induced
postural sway in humans" Peterka, R.J. and Benolken, M.S., Neural Control
of Movement meeting, Hawaii, April 1994. (A copy of the abstract & poster is
attached.)
We recently developed mathematical control system models that help to explain
some of the observed dynamic responses of visually induced postural sway. We
anticipate that these models will help us to quantify how a subject uses various
sensory cues for postural control. Dr. Peterka has been invited to present this
posture data & related modelling work at the conference "Sensory Interaction in
Posture and Movement Control" in Slovak Republic in September 1994 (A copy of
the abstract is attached).
Investigation of VOR threshold phenomena
One of the results of the posture work described above was the discovery that
normal subjects apparently do not utilize vestibular sensory information for
postural control if body motions remain below a specific threshold level. We have
looked for evidence of a corresponding VOR threshold phenomenon in both roll
and pitch rotations using variable amplitude stimuli at a fixed frequency. In
previous studies we identified evidence of a VOR threshold of torsional eye
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movements evoked by roll rotations. We recently looked for a threshold
phenomenon in vertical eye movements evoked by pitch rotations. No indication
of a VOR threshold was identified in these pitch evoked vertical eye movements.
Therefore regarding this vestibular threshold phenomenon, there appears to be
clear differences in how vestibular sensory information is processed and utilized for
the control of different reflex functions. These results were presented at a
conference this spring:
"Vestibular threshold effects in ocular and postural reflexes" Peterka, R.J.,
Mechanisms of Vestibular Function and Dysfunction: A Satellite of the 1994
Neural Control of Movement meeting, Hawaii, April 1994.
Identification of VOR dumping phenomenon as a test of otolith function and
canal/otolith interactions
Recent experiments by others (primarily the work of Cohen and Raphan in
monkeys) have characterized the details of the complex three-dimensional eye
movements associated with the VOR "dumping" phenomenon. VOR dumping
refers to the fact that the time constant of post-rotatory horizontal nystagmus decay
is significa_tly shortened if a test subject changes head position away from an
upright position while the horizontal nystagmus is decaying. In addition, the work
in monkeys has shown the vertical and/or torsional eye movements develop as the
"dumped" horizontal eye movements decay, indicating that eye movements are
inherently organized with reference to the direction of gravity.
Some controversy exists as to whether this phenomena is present in humans.
We performed experiments in one subject which did show dumping and its
associated build up and decay of cross-axis eye movements. This type of experiment
looks like a promising method for obtaining quantitative VOR data related to an
individual's spatial orientation function. We are currently in the process of
modifying our data collection/stimulus delivery program so that we can deliver the
type of stimuli necessary to investigate this phenomena.
Development
Modification of two-axis rotation device for off-axis stimulation
Modification of our two-axis rotation device to provide head off-axis roll and
pitch stimulation is completed and functional. We now are able to deliver both
head on-axis and head off-axis pitch and roll motions about an earth horizontal axis.
In both cases, both the vertical canals and otolith organs are stimulated, but the
otolith stimulus is different in the two cases. In the on-axis case, otoliths are
stimulated due to head tilt with respect to gravity. In the off-axis case a tangential
linear acceleration and a centrifugal acceleration is given to the otoliths in addition
to the head tilt with respect to gravity.
NAGW-3782 Progress Report 3
Modification of two-axis rotation device to attach eccentric arm
We are presently building modifications to our existing two-axis rotation device
using funds from the joint NIH/NASA sponsored grant "Otolith/Canal Control
Mechanisms in Posture and Movement" (P60-DC02072, PI Barry Peterson, Ph.D. of
Northwestern University) and contributions from this NASA grant (NAGW-3782).
One of the new configurations allows stimulation of canals and otolith organs
simultaneously using eccentric axis rotations. By changing subject orientation with
respect to the rotation axis, the canal/otolith stimulation can be either additive or
subtractive. A second new configuration includes a linear track that can be either
floor-mounted or wall-mounted to provide a pure horizontal or vertical linear
acceleration stimulus, respectively. These pure linear accelerations stimulate only
the otolith organs. Overall, this new device will be able to produce higher frequency
and higher g stimuli than most other devices currently available.
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Appendix
Abstracts
Peterka, R.J. and Benolken, M.S. Transient postural responses induced by visual
field motion in normals and bilateral vestibular loss subjects. Presented at
Clinical Application of Vestibular Science symposium, UCLA, February 1994
(abstract and poster).
Peterka, R.J. and Benolken, M.S. Somatosensory and vestibular influences on
attenuating visually induced postural sway in humans. Presented at Neural
Control of Movement meeting, Hawaii, April 1994 (abstract and poster).
Peterka, R.J. Vestibular threshold effects in ocular and postural reflexes.
Presented at Mechanisms of Vestibular Function and Dysfunction: A Satellite
of the 1994 Neural Control of Movement meeting, Hawaii, April 1994.
Peterka, R.J. and Benolken, M.S. Dynamic interactions of visual, somatosensory,
and vestibular orientation cues in postural control. To be presented at
Sensory Interaction in Posture and Movement Control conference, Slovak
Republic, September 1994 (abstract).
Papers
Peterka, R.J. and Benolken, M.S. Role of somatosensory and vestibular cues in
attenuating visually evoked human postural sway. Exp Brain Res, submitted
June 1994.
TRANSIENT RESPONSESOF VISUALLY INDUCED POSTURAL SWAY IN
NORMAL AND BILATERAL VESTIBULAR LOSS SUBJECTS. R.J.Peterka and M.S.
Benolken, Clinical Vestibular Laboratory and R.S.Dow Neurological Sciences
Institute, Good Samaritan Hospital & Medical Center, Portland, OR 97210
The purpose of this study was to determine the contribution of somatosensory
and vestibular sensory cues to the maintenance of stance during visually induced
postural disturbances. Visual orientation cues were altered by sinusoidal rotations
of a full field visual surround about an axis near the ankle joints. Six subjects had
normal vestibular function and three had a profound bilateral loss of vestibular
function. Each subject performed 60 second randomized tests on both a fixed surface
and sway-referenced surface (surface rotated in equal proportion to the subject's
center-of-gravity displacement) with varying frequencies (0.1, 0.2, and 0.5 Hz) and
amplitudes (+0.2°, 0.5°, 1°, 2°, 5°, and 10°) of visual field motion. Vertical forces
exerted on the support surface were used to calculate the torque over the course of
the stimulus. The transient response to the onset of the visual surround motion
was analyzed by characterizing the onset time and peak amplitude of the initial
torque response for each trial. Transient responseswere only characterized for
visual stimuli with 1° and greater stimulus amplitudes.
There were qualitative differences between the transient responses induced by
the visual field motion of normal and bilateral loss subjects. Bilateral loss subjects
showed a consistent pattern of early onset torque responses in the direction of the
initial visual field motion. The average onset time was 0.28 s (0.07 s.d.), and all
initial torques produced body sways in the direction of the moving visual surround.
The bilateral loss subjects' transient responses also were effected by the visual
surround velocity. The peak amplitude of the initial torque response for the
bilateral loss subjects increased as a function of the stimulus velocity. Larger
magnitude peak torques were associated with larger stimulus velocities in both the
fixed and sway-referenced conditions.
In contrast, the initial torque responses of normal subjects were less consistent
than in those with bilateral loss, but generally showed greater onset delays, greater
variability among subjects, and variable directional response. No relationship
between the peak torque and stimulus velocity existed for the normal subjects. The
average torque onset time was 1.23s (0.81 s.d.). The direction of the initial torque
response appears to be related to the direction of body sway that existed at the onset
to the torque response, not to the direction of the visual surround movement. This
suggests the visual field motion may have induced a general destabilization
resulting in either a forward or backward body sway with the initial torque
generated to counteract that sway.
(Work supported by NASA grant NAG-117)
presented at Conference on Clinical Application of Vestibular
Science, UCLA, Los Angeles, CA, 1994
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Somatosensory and vestibular influences on attenuating visually induced
postural sway in humans. R.J. Peterka and M.S. Benolken, Clinical Vestibular
Laboratory and R.S. Dow Neurological Sciences Institute, Legacy Good Samaritan
Hospital & Medical Center, Portland, OR 97210
This study examined the contribution of somatosensory and vestibular sensory
cues to the maintenance of stance during visually induced postural disturbances.
Visual orientation cues were altered by sinusoidal rotations of a full field visual
surround about an axis near the ankle joints. Support surface conditions were
altered (fixed and sway-referenced support surface) to investigate the influence of
somatosensory cues. Six subjects had normal vestibular function and three had a
profound bilateral loss of vestibular function.
Visually induced body sway in normals showed nonlinear stimulus-response
characteristics. A saturation phenomena was present in which increased
stimulus amplitudes did not evoke increased body sway. This saturation
phenomena was absent in subjects with bilateral vestibular loss, implying a
vestibular origin. In addition, comparison of induced sway between normal and
bilateral loss subjects suggests the existence of a vestibular-related threshold.
That is, vestibular cues did not contribute to the attenuation of body sway which
was below a frequency dependent threshold. In contrast, changes in the accuracy
of available somatosensory orientation cues resulted in attenuation of visually
induced sway by a factor of four in both normals and bilateral loss subjects. This
attenuation was independent of the stimulus amplitude and frequency.
(Work supported by NASA grant NAG 9-117)
Presented at Neural Control of Movement, Hawaii, 1994
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Dynamic Interactions of Visual, Somatosensory, and Vestibular Orientation Cues
in Postural Control. R.J. Peterka and M.S. Ben01ken, Clinical Vestibular
Laboratory and R.S. Dow Neurological Sciences Institute, Legacy Good Samaritan
Hospital & Medical Center, Portland, OR 97210, USA
This study examined the contribution of visual, somatosensory, and vestibular
sensory cues to the maintenance of stance in humans. Visual orientation cues
were altered by sagittal plane sinusoidal rotations of a full field visual surround
about an axis near the ankle joints. Support surface conditions were altered
(fixed and sway-referenced support surface) to investigate the influence of
somatosensory cues. The vestibular contribution to postural control was
investigated by comparing body sway responses to visual motion stimuli in six
subjects with normal vestibular function to the responses in three subjects with
profound bilateral loss of vestibular function.
Visually induced body sway in normals showed a saturation phenomenon
where increasing the visual stimulus amplitude did not cause increased body
sway. A vestibular origin for this saturation phenomenon was implied by its
absence in subjects with bilateral vestibular loss. In addition, the similarity in
the amplitude of induced sway in normal and bilateral loss subjects for sways
below the normals' saturation level suggested the existence of a vestibular-related
threshold.. That is, vestibular cues did not appear to contribute to the attenuation
of visually induced body sway when sway amplitudes were below a threshold
level. Threshold amplitudes decreased with increasing frequency in a manner
consistent with a constant rotational velocity threshold. A constant rotational
velocity threshold might imply a semicircular canal origin. However, over the
frequency range tested (0.1 - 0.5 Hz), the threshold data are also compatible with
an otolithic origin.
The amplitude of visually induced sway depended upon the availability of
accurate somatosensory orientation cues. The amplitude of induced sway was
lower in fixed platform conditions than in sway-referenced conditions by a factor
of four. This factor of four reduction was independent of the visual stimulus
amplitude and frequency, and it occurred equally in normal and bilateral loss
subjects. The fact that both normal and bilateral loss subjects showed a nearly
identical reduction in sway implies that the bilateral loss subjects did not increase
their reliance on somatosensory orientation cues to compensate for their
vestibular loss.
In both normal and bilateral loss subjects under sway-referenced support
surface conditions, visual stimuli of less than +1 ° amplitude consistently evoked
body sways which were two to three times the stimulus amplitude. These high
gain responses are predicted by a simple inverted pendulum model of body
dynamics where the pendulum is stabilized by conventional negative feedback
control using visual motion signals (position, velocity, and the integral of
position). In this model, neither vestibular nor somatosensory cues contribute to
feedback stabilization since sway amplitudes are subthreshold for vestibular
detection and the sway-referenced support surface eliminates accurate
somatosensory orientation cues.
(Work supported by NASA grants NAG9-117, NAGW-3782, and NIH grant
P60 DC02072)
"Sensory Interaction in Posture and Movement Control", Slovak
Republic, September 1994,
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